The Cd and Zn accumulation and phytoextraction potential of seven willow clones was investigated in a pot experiment for two vegetation periods. Heavily polluted Fluvisol-Litavka, moderately contaminated Cambisol-Pribram, and unpolluted control Chernozem-Suchdol were used. Significant differences were found in Cd and Zn accumulation between the willow clones. Cd and Zn were transferred from roots to aboveground tissues and all tested clones confirmed higher Cd and Zn accumulation in leaves than in twigs. Cd and Zn amounts removed by willow leaves were the highest from the most polluted soil (up to 83% Cd and 71% Zn of total removal). Therefore the harvest of leaves is necessary if willows are planted for heavy metal phytoextraction. Although the extremely high Zn contamination of Fluvisol-Litavka significantly reduced biomass production, willows planted in this soil showed the highest Zn removal because of extremely high Zn accumulation (max. 5061 ppm in leaves). Clones planted in moderately contaminated soil achieved the highest Cd removal. Clones showed different abilities to remove Cd and Zn, which was dependent on soil type and contamination level. Remediation factors were determined less than 1% for Zn in the heavily polluted soil and also unsatisfactory for Cd. However, it was shown that willows were suitable phytoextractors of moderately contaminated soil. About 20% of Cd and 4% of Zn were removed by harvested biomass from the total content of soil after two vegetation periods.
Willow is suitable as a heavy metal phytoextractor due to high element accumulation, high heavy metal transport to the shoots and high biomass production (Greger and Landber 1999) . However, out of the tested metals (Cr, Ni, Cu, Zn, Cd and Pb) higher aboveground contents than in the soil were found only for Cd and Zn (Riddell-Black 1994) . A large number of species and hybrids of Salix spp. suggests wide genetic variability within the genus and some species are known to colonise contaminated soil. For example S. alba, S. viminalis, S. cinerea and S. caprea naturally invade polluted dredged sediment disposal sites (Vandecasteele et al. 2002) . Therefore, there is an opportunity for genotype selection to survive, revegetate, and potentially also to accumulate metals in tissues which could then be harvested to remediate contaminated soils (Dickinson et al. 1994) . Willow species and clones have different tolerance to particular metals. Tolerance to heavy metals was generally confirmed in some clones while others were tolerant to only one or two of the examined metals (Landberg and Greger 1994) . Significant differences were found in the uptake of metals and between willow varieties and clones (Landberg and Greger 1994 , Riddell-Black 1994 , Nissen and Lepp 1997 , Greger 1999 , Vysloužilová et al. 2002 . Clones that accumulate relatively high amounts of metals are desirable if soil remediation is to be achieved by phytoextraction and biomass harvesting (Pulford and Watson 2002) . In general, the Czech Republic has relatively good climatic and soil conditions for willow biomass production. The average primary production is estimated to range from 8 to 17 tonnes of dry biomass per hectare and year (Weger and Havlickova 2002) . However, extremely high Zn soil contamination has phytotoxic effects and reduces biomass yield (Vysloužilová et al. 2003) . It confirms a suggestion that phytoextraction is the best suited for low-and medium-contaminated agricultural soils and not for highly contaminated sites such as mining areas (Greger and Landberg 1999, Pulford and Watson 2002) . After harvest, contaminated willow biomass can be used as wood fuel if heavy metals are recovered from smoke gases and ashes are properly handled (Perttu and Kowalik 1997) .
MATERIAL AND METHODS
The accumulation of Cd and Zn and phytoextraction potential of Salix spp. were investigated in a pot experiment when these soils were used: heavily polluted Fluvisol from the alluvium of the Litavka river (main contamination was caused by the floods of water contaminated by wastes from smelter setting pits), Cambisol Pribram with moderate contamination mainly by atmospheric emissions from the same smelter (Kovohutě Příbram) and unpolluted Chernozem (Suchdol locality). Mean total contents and available amounts of Cd and Zn in soils are summarized in Table 1 . Seven clones of willows with high biomass production from Silva Tarouca
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Research Institute for Landscape and Ornamental Gardening in Průhonice (S. × smithiana S-218, S. × smithiana S-150, S. viminalis S-519, S. alba S-464, S. alba Pyramidalis S-141, S. dasyclados S-406, S. × rubens S-391) were used for the experiment. The willow collection is well documented and of known provenance and all clones were chosen on the basis of their already tested high biomass production. Willows were planted in 5-litre plastic pots with 5 kg of air-dry soil for two vegetation periods, from April 2001 to September 2002. Soil moisture was regularly controlled and kept at 60% of MWHC. Four replications of each treatment were used (three 20 cm long cuttings per pot). Aboveground biomass was harvested only after first vegetation period, whereas after the second period root biomass was collected as well. Aboveground biomass was separated into leaves and twigs, roots were thoroughly washed by demineralised water, biomass was checked for fresh and dry biomass, ground and analysed. Plant material was decomposed by a modified dry ashing procedure in a mixture of oxidizing gases (O 2 + O 3 + NO x ) in APION Dry Mode Mineraliser (Miholová et al. 1993) . Total element concentration in soils was determined after two-step decomposition, using APION in the first step and wet digestion with a mixture of HF + HNO 3 in the second step (Mader et al. 1998) . Metal availability in soil was determined by 0.01 mol/l CaCl 2 extraction at a 1:10 ratio (w/v) (Novozamsky et al. 1993) . In 2001, the element concentrations in the digests were determined by atomic absorption spectrometry (VARIAN SpectrAA-400) in flame (Cd, Pb and Zn), flameless (Pb), and hydride generation (As) measurement modes, respectively. The measurements in 2002 were carried out by inductively coupled plasma optical emission spectrometry (VARIAN Vista-Pro). The measurements were performed in trace element laboratories of Departments of Chemistry and Agrochemistry at the Czech University of Agriculture in Prague. Certified reference materials RM 12-02-03 Lucerne and RM 7001 Light Sandy Soil were applied for quality assurance of analytical data. One-way analysis of variance and multiple-samples comparison (Fisher's LSD procedure method) were applied for statistical evaluation of the data using Statgraphics Plus 5.0.
RESULTS AND DISCUSSION

Cd and Zn accumulation in plants
The tested willow clones confirmed high aboveground Cd and Zn accumulation potentials. By comparison of individual aboveground parts of plants, Cd and Zn were more intensively accumulated in leaves than in twigs in 
Cd and Zn removal by plants
Extremely high contamination of Fluvisol-Litavka resulted in phytotoxic effects and caused chlorosis, partial defoliation and significant yield reduction of aboveground biomass in all seven willow clones in both years. Therefore the phytoextraction potential of Salix spp. planted on this soil largely decreased. Yield reduction was higher in the first year of cropping than in the second one. The root biomass determined after the second harvest was also reduced by contamination. Higher production of both aboveground and root biomass was found in willow clones planted in moderately contaminated Cambisol-Pribram in comparison with those planted in the unpolluted Chernozem-Suchdol. This fact indicates that willows have a specific demand for nutrient supply and high tolerance to moderate contamination of soil by heavy metals. The clones did not show any significant differences in yield production grown in one type of soil.
Total Cd and Zn removal of harvested willow leaves, twigs and root biomass planted in three types of soils in both years is shown in Figure 1 . It is obvious from this figure that the removal potential of willow clones varied between the types of soil and contamination level. The most suitable clone for Cd and Zn phytoextraction from the most polluted Fluvisol-Litavka was found to be S-141 S. alba Pyramidalis, whereas the lowest removal was measured in clone S-464 S. alba. Another clone S-391 S. × rubens was the most suitable for Cd and Zn phytoextraction from moderate contaminated Cambisol-Pribram. The lowest Cd and Zn removal from this soil was achieved by clone S-519 S. viminalis. Clearly, the best clone for Cd and Zn phytoextraction from unpolluted ChernozemSuchdol was S-218 S. × smithiana, and clone S-141 S. alba Pyramidalis was shown as the least suitable, in spite of being the most suitable for Fluvisol-Litavka. Clones showed different abilities to remove Cd and Zn, which depended on soil type and contamination level. On the other hand, Greger and Lanberg (1999) reported that the uptake ability of the clone is stable. By comparison of identical clones cultivated at three different locations in Sweden and after hydroponics cultivation they found that the order of the clones was still the same in all cases, based on increasing Cd content in stems. However, the interactions between root processes, soil properties and the dynamics of the associated microbial population significantly alter heavy metal uptake by plants (Gobran et al. 2001 ). Stoltz and Greger (2002) observed differences in uptake and translocation properties of the same plant species between field-grown plants and plants grown in hydroponics. It is also obvious from Figure 1 that in the most polluted Fluvisol-Litavka most of Cd and Zn was removed by leaves. The highest amount of Cd and Zn removed by leaves was 83 and 71%, by twigs only 2 and 30%, and by roots 73 and 53%, respectively. A higher amount of Cd and Zn removed by twigs was determined in moderately contaminated Cambisol-Pribram. Up to 60% Cd and 47% Zn were found to be removed by twigs. The highest amount of Cd and Zn (maximum 64 and 49%) was removed by twigs from unpolluted Chernozem-Suchdol. Cd and Zn amounts removed by leaves increased with heavy metal pollution of soil, whereas opposite results were obtained for Cd and Zn amounts removed by twigs. Consequently, harvest of leaves is necessary if willows are planted for heavy metal phytoextraction from contaminated soils.
Generally, the highest total Cd removal was achieved on Cambisol-Pribram because of the highest yield production together with high Cd accumulation in willow tissues, whereas the highest Zn removal was achieved on Fluvisol-Litavka. It was influenced by the much higher Zn accumulation in willow tissues (above all in leaves), despite of the significant yield reduction in comparison with Cambisol-Pribram. The lowest Cd and Zn removal was determined in uncontaminated Chernozem-Suchdol ( Figure 2 ). The phytoextraction potential of willow clones in Figure 2 is expressed by the remediation factor Rf (%) that indicates amounts of elements removed by harvested biomass from the total content of elements in the pot soil. Although Zn removal from Fluvisol-Litavka is highest, the remediation factor is lowest (below 1%) because of the extremely high total Zn content in soil. Slightly higher, but still unsatisfactory Rf (up to 1.8%) was achieved for Cd for this soil. The significantly highest remediation factors for Cd were determined on moderately contaminated Cambisol-Pribram. Maximally 22.3% of Cd in total was removed by S-150 S. × smithiana from this soil after two vegetation periods and 4.3% of Zn by S-391 S. × rubens. Similar remediation factors of Zn were obtained for Chernozem-Suchdol, which ranged from 2.3 to 4.6%. The first step in phytoremediation of extremely contaminated soil should be its phytostabilisation and phytoimmobilisation that provide desirable soil conditions, thereby giving a possibility of healthy growth of willow plants and good results of phytoextraction.
